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Table 1

Key reactions of sodium containing species (k = A T? exp (—E/RT), mol, s, cm,cal)

Reaction A B E Reference
Na+ OH + M = NaOH + M

H2/2.0/H20/6.0/ CH4/2.0/ CO/1.5/ CO2/2.0/ 1.82E + 21 -1 0 18, 13
NaO + H = Na+ OH 2.0E + 14 0 0 12,13
NaO + O =Na+ O, 2.23E + 14 0 0 19,13
NaO + H,0 = NaOH + OH 13E + 13 0 0 20,13
NaO, + OH = NaOH + O, 2.0E + 14 0 0 12,13
NaOH + H = Na+ H,O 1.07E + 13 0 1970 18,13
NaOH + CH5; = Na + CH;OH 15E + 13 0 8000 est
Na +0O, (+M) = NaO, (+M) 3.6le + 14 0 0 19,21
Low / 4.86e21 —1.50.0/

H2/2.0/H20/6.0/ CH4/2.0/ CO/1.5/ CO2/2.0/

NaO + H+ M = NaOH + M 1.el7 0 0 est
NaO, + H = NaOH + O 1.2e11 0.5 0 21
Na+ CF,0 = NaF + CF,0 14E + 14 0 17000 est
NaF + H = HF + Na 2.0E + 13 0 6500 est

eled using Grimech-3.0 [17]. The overall C;FH/
NaHCO; gas phase kinetic model contains 1075 re-
actions with 108 species. Table 1 contains kinetic data
for key reactions with sodium-containing species.

The decomposition of NaHCO, was represented
in the kinetic model by the overall chemica pro-
cesses [7,22]: 1) NaHCO4(s)— 0.5Na,CO4(s) +
0.5H,0 + 0.5CO,, and 2) Na,CO4(s)— Na,0O +
CO,. The decomposition of sodium bicarbonate
(melting point 270°C) is an endothermic process (AH
= 135kJmol) with formation of highly porous
Na,CO, particles [22]. Above 400°K the decompo-
sition is very fast. The measurements of the overall
“bulk” reaction rate demonstrate a first-order depen-
dence based on the amount of unreacted NaHCO,
(A = 143E11, Vs, E = 102kJmol; 373-473 K,
particle size 125 um) [22]. These dataare close to the
results of Wu et al. [23] for particles with a diameter
of 47 um. Na,CO, decomposes further to Na,O.
Na,O reacts with water vapor heterogeneously or
homogeneously with formation of NaOH [24]. Ki-
netics of Na,CO, decomposition was studied by Za-
mansky et a. [24]. For conditions of their work,
decomposition was observed at temperatures below
1000°K. Calculations of equilibrium concentrations
demonstrate that the main product above 1200 to
1400°K is sodium hydroxide [24]. In the presence of
moisture or in agueous solution, NaHCO, hydrolysis
occurs, relatively fast, through the following two
overal reactions: 3) NaHCO; + H,O = NaOH +
H,CO,, and 4) H,CO5 = H,0 + CO,. For modeling
purposes, one-step and two-step overal kinetics of
decomposition were used. Numerical experiments
demonstrate relative insensitivity of results to details
of decomposition in agreement with our previous
results for DMMP (dimethyl methylphosphonate)

[25] and ferrocene-inhibited flames [26]. Note that
the use of this simplified approach to kinetics of
sodium bicarbonate decomposition assumes that in-
hibitor particles completely evaporize in flame zone.
Estimates from several works [4,27,28] indicate that
for typical hydrocarbon flames (burning velocity
~20-50 cm/s), particles with diameters <20 um
will evaporize in the flame reaction zone. Inclusion of
overall decomposition kinetics into the kinetic model
provides some reasonable delay of inhibitor particle
transition to the gas-phase sodium-containing spe-
cies. Modeling showed that for assumed kinetic data,
the replacement of NaHCO; by equivalent concen-
tration of gas-phase sodium-containing species leads
to approximately the same results.

For the numerical simulations, the Chemkin soft-
ware package (version 3.6) was used [29]. Compar-
ison of modeling results with available experimental
data on flame velocity decreases of methane/air by
NaHCO; [4] and by C;F,H [30] demonstrates rea-
sonable agreement.

3. Results and discussion

Figure 1 contains dependencies of burning veloc-
ities on additive concentration calcul ated for different
NaHCO,/C,;F,H blend compositions. The results
demonstrate that addition of a relatively small
amounts of NaHCO; to CsF,H substantially de-
creases the amount of C;F,H required for the same
decrease of burning velocity. Note that mixture
[CsFH]:[NaHCO,] = 10:1 (molar ratio) corre-
sponds to currently used agent mixture in many mil-
itary fire-extinguisher systems [31]. The ratio of sup-
pression concentrations of C;F,H and NaHCO;
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Fig. 1. Dependencies of normalized burning velocity on suppressant concentration for stoichiometric methane/air mixture and
different blend compositions (burning velocity of stoichiometric mixture without inhibitor was used for normalization).

when used individually, is approximately 3.2 based
on the data of Moore et al. [3] and Hamins [6] (cup
burner test, heptane). The ratio of C;F,H and
NaHCO; concentrations required to decrease the
burning velocity by one half for a stoichiometric
methane/air mixture (when loaded individualy) is
approximately 11.7 based on flame calculations. Also
presented are the results of calculations for a 10:1
mixture, when the block of reactions describing in-
teraction between sodium- and fluorine-containing
species was excluded from the kinetic model (Fig. 2).
It shows that the inhibition effect for mixture of
agents influencing the radical pool independently is
larger. Thus, the synergistic effect of CiF,H/

NaHCO; blend is negative. Here, synergistic effect is
the difference between effects of mixtures of agents
acting independently and agents acting with inclusion
of chemical interaction between sodium and fluorine
subsystems. Note that McDonald et al. [32] discussed
synergetic effect as a result of flame temperature
change due to suppressant addition.

Figure 3 contains sensitivity coefficients of burn-
ing velocity to the rate constants of reactions of
sodium- and fluorine-containing species. The pre-
sented data correspond to an approximately 40% de-
crease of burning velocity. It can be seen that the
burning velocity decrease is mostly determined by
reactions of sodium species

E’ =
8 0.8 I ! | ——NaHCO3
3
>
206 —8— FM-200
£
H —a— FM:NaHCO03=10:1
5 04-
(]
-% —— FM:NaHCO03=10:1,no
g 0.2 chem.interaction
-4

0 T

0 0.02 0.04

Suppressant concentration, mole fraction

Fig. 2. Dependence of normalized burning velocity on suppressant concentration. Comparison of modeling results with and
without reactions describing interaction of fluorine- and sodium-submodels (stoichiometric methane/air mixture, 1 atm).
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CHF2+H=CHF+HF
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CF+02=CF:0+0
CF+H=C+HF
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NaF+H=HF+Na [————
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Fig. 3. Burning velocity sensitivity to the rate constants of additive reactions (stoichiometric methane/air mixture; 1% additive,
C,F,H/NaHCO3 = 10/1; level of presentation is 0.04 of sensitivity coefficient for NaF + H = HF + Na, which is
approximately 10% of sensitivity coefficient for H + O2 = OH + O reaction).

Na + OH + M = NaOH + M )
NaOH + H = Na + H,O )
NaF + H = HF + Na ©)

Reaction pathway analysis shows that formation of
sodium fluoride proceeds in the flame reaction zone
mostly through the reaction Na + CF,O = NaF +
FCO. Decomposition of FCO radical leads to forma-
tion of CO and F atoms. Thus, the reaction NaF + H
= HF + Na does not provide termination of chain
carriers due to formation of F atoms and the follow-
ing formation of hydroxyl radical in thereaction F +
H,O = HF + OH. Actually, formation of NaF de-
creases the concentration of sodium species available
for participation in the catalytical recombination cy-
cle (reactions 1 and 2). Additionally, sodium atoms
replace hydrogen atoms in the conversion of CF,0.
Both of these effects decrease the inhibition effect of
C,F,H/NaHCO; blend to some degree.

Flame equilibrium calculations demonstrate that
for mixture compositions [C5F,H]/[NaHCO;] >3,
the main product containing sodium atom at the equi-
librium is NaF. The amount of HF acid scavenged by
sodium in the flame reaction zone is relatively small

due to the small [Na]/[F] ratio. Estimation based on
recent experimental dataon HF absorption by sodium
bicarbonate at room temperature of Mather [33]
shows the scavenging efficiency ~6.6 X 10~* g HF
per 1g NaHCO; (particle size 7-50 um; molar effi-
ciency ~1/400). Note that in real post-fire environ-
ment there will be an additional destruction and de-
composition of sodium bicarbonate particles released
into the protected space, which lead to an additional
HF scavenging by sodium-containing species during
the cooling and mixing process of combustion prod-
ucts. The advantage of the use of blend of suppres-
sants is the increase of suppression effectiveness
while blend provides reasonably good physical prop-
erties for its release by fire extinguishers. Thus, de-
creased HF concentration level during fire suppres-
son by CgF,H/NaHCO, blend is the result of
increased inhibition effectiveness of heptafluoropro-
pane blended by sodium bicarbonate with minor
contributions of solid particle-gas phase HF scav-
enging during mixing of cooled combustion prod-
ucts with the surrounding post-suppression atmo-
sphere that contains fire suppressant after flame
extinguishment.
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